Studies over a period of several decades have resulted in a relatively simple set of equations 4 describing the tidally and width-averaged balances of momentum and salt in a rectangular 5 estuary. We rewrite these equations in a fully non-dimensional form that yields two non-6 dimensional variables: (i) the estuarine Froude number; and (ii) a modified tidal Froude 7 number. The latter is the product of the tidal Froude number and the square root of 8 the estuarine aspect ratio. These two variables are used to define a prognostic estuary 9 classification scheme, which compares favourably with published estuarine data.
The physics of estuarine circulation is governed by the competing influences of river 23 and oceanic flows. While the former adds fresh water, the latter adds denser salt water 24 which moves landward due to the combined effect of tides and gravitational circulation (or 25 exchange flow). The complicated balance between the river, the exchange flow and the tides 26 determines the estuarine velocity and salinity structure.
27
We consider an idealized rectangular estuary of depth H and width B. The origin of 28 the coordinate system is at the free surface at the mouth of the estuary with the horizontal 29 (x) axis pointing seawards and the vertical (z) axis pointing upwards. Therefore, both the 30 horizontal and vertical distances within the estuary are negative quantities. To obtain the 31 width-averaged and tidally-averaged horizontal velocity (u), and salinity (s) distribution in 32 the estuary, these quantities are first decomposed into depth averaged (overbar) and depth 33 varying (prime) components: u =ū(x, t) + u (x, z, t), s =s(x, t) + s (x, z, t). The quantity 34ū = Q R /A is the cross-sectionally averaged river velocity, where Q R is the mean river flow 35 rate and A = BH. The solution for both partial and well mixed estuaries was given by u =ū + u =ūP 1 + u E P 2
(1) estuaries, an important parameter is the exchange velocity scale:
48
Here c = √ gβs ocn H is twice the speed of the fastest internal wave that can be supported in
49
an estuary (MacCready and Geyer 2010). K M is the vertical eddy viscosity and β ∼ = 7.7×10
-4 50 psu −1 . The non-dimensional salinity is defined as Σ = s/s ocn , where s ocn is the ocean salinity.
51
Equations (1)- (2) were derived under the assumption that the density field is governed 52 by the linear equation of state: ρ = ρ 0 (1 + βs) where ρ 0 is the density of fresh water. The 53 details of the derivation are well documented in MacCready (1999 MacCready ( , 2004 .
54
The salt balance is given by: processes. While exchange (note that u Σ is negative) and tidal processes add salt, river inflow removes it. At steady state (5) can be rewritten as:
68
The different terms in (6) are as follows: R is the river term, T is the tidal term, while E 1 ,
69
E 2 and E 3 are the different components of the exchange term. Hansen and Rattray (1965) 70 presented (6) in a slightly different form, and MacCready (2004 MacCready ( , 2007 introduced the length 71 scales in (7).
72
The length scales in (7) depend upon the mixing co-efficients:
use of an extensive study of Willapa Bay, Banas et al. (2004) proposed: 
78 where a 0 = 0.028, C D = 0.0026 and Sc = 2.2 is a Schmidt number. We will use (8) and (9) 79 in the development of a non-dimensional set of equations.
80
While the governing equations (1), (2) and (6) 
86
? further reduced (10) to two simple cases with analytical solutions, the exchange dominated 87 case (T → 0), and the tidally dominated case (E 3 → 0). While these approximations have 88 been widely used there does not appear to have been any serious attempt to determine the 89 conditions under which they are applicable. 
Non-dimensional Tidally Averaged Model

91
In this section we rewrite the governing equations (1), (2) and (6) in (6). Defining X = x/L E3 , (6) can be rewritten as:
where
The velocityū and u T have been non-dimensionalized by c to obtain the densimetric estuarine
101
Froude number F R =ū/c and the tidal Froude number F T = u T /c. Substituting (12) into 102 (11) yields:
105 where C 1 = 2.17, C 2 = 1.34, C 3 = 8.16 × 10 −5 , and the modified tidal Froude number,
106
F T = F T B/H. Typically the estuarine aspect ratio B/H ∼ O (10 2 − 10 3 ), see Table   107 1. The magnitude of different terms in (13) can be easily compared by noting that 0
. The tidal term (T) however depends on an 109 additional parameter F T , whose (order of) magnitude needs to be known for making the 110 comparison.
111
Like the salt balance equation, the momentum and salinity equations, i.e. (1) and (2) 112 can also be expressed in non-dimensional form as follows:
115 116 The constants C 4 = 0.667, C 5 = 47.0 and C 6 = 70.5. In (14), the quantity U = u/c is the 117 non-dimensional horizontal velocity (not to be confused with F R , which isū/c). Equations
118
(13)- (15) are the non-dimensional governing equations for our idealized estuary.
119
Eq. (13) poses a non-linear initial value problem which can only be solved numerically.
120
For that, the conditions at the estuary mouth have to be determined. One such condition 121 is Σ (0, −1) = 1; meaning the salinity at the bed of the estuary at its mouth has to be the 122 same as the ocean salinity. Substituting (15) into (13) and making use of this condition, we 
Estuary Classification
131
Our goal is to develop a simple classification scheme that distinguishes between well-132 mixed, partially mixed and highly stratified estuaries. A relevant parameter for classifying 133 estuaries is the non-dimensional salinity stratification at the estuary mouth, Φ 0 . It is defined 134 as follows:
136
This parameter ranges between 0 and 1. While the lower limit implies a very well mixed 137 estuary, the upper limit indicates the transition to salt wedge. Substituting (15) into (17) 138 yields: 
164
To test the applicability of our classification scheme we made use of the field data pre-165 sented in Prandle (1985) . Using these data we have computed F R , F T , B/H, and F T directly,
166
and Φ 0 from (16) and (18); see Table 1 . We have compared the computed value of Φ 0 with 167 the measured value in Fig. 3 . The comparison is good considering the accuracy to which F R 168 and F T can be determined from field data.
169
It is interesting to note that if both F R and F T are small then (16) 
182
We also compare the theoretical results with the field data of Prandle (1985) in Table   183 1 and Fig. 2 .6 of Geyer (2010) 
196
Finally we refer to the assumptions behind our theoretical analyses and their conse- equations is a consequence of the empirical equations (8) and (9). These two equations 201 are also used in determining the coefficients C 1 , C 2 , . . . , C 10 . All these coefficients are found 202 to depend upon Sc, making it the most important parameter in this regard; see Table 2 . Table 1 . R in (19). The grey area indicates the region where estuaries should ideally cluster. Field data from Geyer (2010) and Prandle (1985) are plotted for comparison with the theoretical predictions.
